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The  combination  of  proteins  with  acids  and  alkalies  has  been 
thoroughly studied by a  number of investigators, but the reaction of 
proteins with salts has received little attention--owing largely to the 
lack of a convenient method for determining the free ion concentration 
of those ions for which there is no satisfactory electrode.  The problem 
is of interest since salts have almost as marked an effect on the prop- 
erties of protein  solutions  as  do  acids.  It was pointed out in the 
previous papers  1 of this series that the activity of an ion in a protein 
solution could be determined by setting up a Donnan equilibrium and 
measuring the total ion concentration in the pure salt solution outside 
the membrane, and in the protein solution inside the membrane.  If 
the membrane potential is also measured the ratio of the activity of 
the ion inside to  that  outside can be  calculated and if the activity 
coefficients are known then the  concentration of the ion inside can 
be calculated.  The difference between this figure and the total con- 
centration  found  by  analysis  evidently  gives  the  concentration  of 
combined ion; i.e., 
Mo ")'o 
Mo  =  Mt-  ------,  (1) 
r  "/i 
where Mt is the total concentration of ion found by analysis inside, 
Mo is the concentration of combined ion, Mo is the total concentration 
1 Northrop, J'. H., and Kunitz, M., J. Gen. Physiol.,  1924-25, vii, 25; 1925-26, 
ix, 351. 
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of ion  outside  and  ~o,  -y~ are  the  activity  coefficients  of  the  ion  in 
the  outside  and  inside  solutions  respectively,  and  log  r  =  .4343 
Membrane  PotentiM 
In  the  present  experiments  the  total  salt 
RT/nF 
concentration differs only slightly between  the inside and the outside 
solution,  so  that  if the  effect of the  protein  on the  ionic strength  of 
the solution is  neglected  2 then  -~o  =  ~. 
Experimental  Procedure. 
The experiments were carried out as already described except that a more sensi- 
tive galvanometer was used.  The membrane potentials were measured on four 
systems and two other systems were analyzed gravimetrically, C1 as AgC1, Cu as 
CuSCN, Ca as Ca oxalate, Mg as MglP~O~ and A1 as AI(OH)8.  Duplicate deter- 
minations were made on both the inside and outside solutions of both systems. 
Experiments in which the analyses differed by more than 0.2 per cent or the po- 
tential  measurements  by more than 0.05  millivolt were not used.  The figures 
given are therefore the averages of 2 analyses of each solution and of four potential 
measurements.  Even under the best conditions, however, the error in the final 
figure may amount to 10 or 20 per cent, especially in the concentrated salt solutions, 
since the calculated amount of ion combined depends on a small difference between 
two large experimental figures. 
The isoelectric gelatin was prepared as described in the preceding paper. 4 
Preparation of Deaminized Gelatin.--lO0 gm. of isoelectric gelatin were dissolved 
in 1 liter of water and 10 gin. NaNO8 and 15 cc. glacial acetic acid added, then 
warmed at 80  ° for 4 hours, at the end of which time all amino nitrogen had been 
removed. 
As pointed out in the previous paper t the experiments give directly the decrease 
in the activity of the ion in the presence of the protein, but in order to calculate 
the actual change in concentration of the ion it is necessary to make some assump- 
tion as to the effect of the protein on the activity coefficient  (i.e. on the ionic 
strength of the solution).  In the present calculation it has been assumed that this 
effect is negligible. 
At first sight this appears an improbable assumption since the protein, although 
present  in  small  concentration,  is  undoubtedly polyvalent.  It may be  noted, 
however, that according to Simms  3 the effective valence of polyvalent ions de- 
creases as the distance between the groups increases, so that gelatin in acid solution 
has an effective valence of 1.8.  It was also shown that the results obtained in this 
way agree with those obtained for C1, H + and Zn ++ by means  of concentration 
cells. 
a Simms, H. S., J. Gen. Physiol., 1927-28, xi, 613. 
4 Northrop, J. H., and Kuntzi, M., J. Gen. Physiol., 1927-28, xi, 477. JOHN"  H.  NORTHROP  AND  M.  KUNITZ  483 
TABLE  I. 
Combination of Copper Chloride and Gelatin. 
Concentra-  Ion 
tion  of gelatin  determined 
per cent 
1.8  C1 
4.5  C1 
4.5  C1 
4.5  C1 
4.5  Cu 
1.8  CI 
1.8  Cu  ++ 
4.5  Cu  ++ 
1.8  C1 
4.5  Cu  ++ 
1.8  Cu  +÷ 
1.8  C1 
4.5  C1 
P.D. 
Concentration of Cu  ++ 
Millimols 
per 1000 gin. H~ 
Millimols  combined  per gin. gelatin 
Inside  Outside  Cu  ++ 
mY. 
+2.5  10.7  8.8  0.19 
8.1  13.1  8.1  .20 
13.2  8.0  .19 
5.8  23.8  16.6  .28 
3.5  54.4  43.95  .44 
1.8  107.6  94.5  .58 
107.4  91.4  .63 
.75  101.3  95.8  .60 
.50  185.0  179.0  .72 
184.0  177.0  .78 
1.1  203.0  187.5  .66 
206.2  188.3  .72 
.50  199.5  193.0  .78 
199.5  192.0  .84 
.80  355.0  329.0  .98 
356.0  330.0  .98 
.26  342.0  334.0  .83 
.15  494.0  484.0  .89 
497.0  486.0  .92 
.63  495.2  479.2  .90 
497.5  479.0  .89 
Average  CI- 
0.I0 
.I0 
.14 
.18 
.30 
.60 
.32 
.75  4-.02  .35 
.28 
.93  -4-.03 
.90  4-.01 
.23 
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The solution was kept at 20  ° for 26 hours and then dialyzed at 30  ° in a rocking 
dialyzing apparatus.  ~  Final solution: 6  gin.  per  100  cc.  deaminized  gelatin, 
specific conductivity 7  X  10-~: pH (30  °)  4.1;  H +  combined at pH  1.51  =  0.43 
miUimols per gin. 
EXPERIMENTAL  RESULTS. 
Copper  Chloride.--Copper  is  known  to  form  complexes  with  am- 
monia and amino groups so that it seemed reasonable to suppose that 
TABLE  II. 
Deaminized Gelatin.  1.7 Per Cent.  pH 4.1. 
Coneentra-  Ion 
tion  determined 
of gelatin 
P.D. 
Concentration of Cu  ++ 
Millimols 
per 1000 gm. H20 
Inside 
p~ Cen~  m~. 
1.7  C1  .20  194.1 
1.7  C1  .10  293.0 
295.0 
1.7  C1  .12  388.0 
385.0 
388.0 
385.0 
1.5  " C1  .07  491.9 
6.0  C1  .34  515.0 
6.6  C1  .35  723.0 
5.5  C1  .35  713.0 
5.5  C1  .28  925.0 
4.3  C1  .28  930.0 
Outside 
191.8 
290.5 
292.0 
383.8 
383.8 
384.0 
382.0 
486.5 
500.0 
690.0 
708.0 
909.0 
930.0 
Millimols  combined  per gin. gelatin 
Cu++ 
0.33 
.31 
.34 
.50 
.30 
.50 
.45 
.49 
.46 
.50 
.51 
.63 
.47 
Average  C1- 
0.07 
.2 
.25 
.3 
.44  4-.03  .27 
.40 
it would be found to combine with proteins.  The results of the experi- 
ments with this salt are shown in Table I.  The table shows that  the 
copper ion is  combined  to  a  large  extent  in  dilute  solution  and  that 
on  increasing the copper concentration  the  copper combined per gm. 
of  gelatin  increases  and  reaches  a  maximum  at  about  0.9  millimols 
per gin., which agrees with the equivalent combining power of gelatin 
for  hydrogen  ion.  In  other  words,  the  reaction  is  stoichiometric 
Kunitz, M., and Simms, H. S., J. Gen. Physiol., 1927-28, xi, 641. JOHN  H.  NORTHROP  AND  M.  KUNITZ  485 
since 1 mole of copper is equivalent to 1 mole of hydrogen.  Appar- 
ently then copper combines with the same groups in the protein mole- 
cule as does hydrogen.  This conclusion can be verified by determin- 
TABLE  III. 
HCl.  CuCl2.  Gelatin. 
Combination of Hydrogen and Copper. 
1.8 Per Cent Gelatin. 
Final concentration of Cu  ++ 
Minimols per 1000 gin. H~O  Millimols combined per gin. gelatin 
pH  P.D. 
Inside  Outside  Cu  ++  H +  Cu  + +  H ~ 
4.7 
4.0 
3.0 
2.5 
2.0 
0.70 
.73 
.53 
.68 
.60 
104.6  96.6  0.70 
96.4 
92.8 
96.0 
96.3 
98.3 
98.1 
97.8 
96.9 
0.71 
.71 
.72 
.69 
.85 
.85 
105.5 
97.3 
95.0 
94.3 
96.4 
96.8 
95.5 
94.6 
.8O 
.53 
.16 
.11 
.17 
.20 
.12 
.12 
4.5 Per Cent Gelatin• 
0.70 
.80 
.87 
.82 
.89 
.89 
.97 
.97 
2.0 
2.0 
2.0 
2.0 
8.3 
6.6 
3.3 
1.9 
7.1 
16.3 
16.0 
47.6 
47.3 
97.0 
100.0 
12.5 
23.8 
23.5 
53.0 
53.4 
101.0 
100.0 
.01 
.04 
.04 
.14 
.13 
.21 
.29 
.94  .95 
.92  .96 
.96  1.00 
• 79  .93 
.79  .92 
.59  .80 
.59  .88 
ing the  combining power of deaminized gelatin.  It was  shown by 
Hitchcock  e that  hydrogen ions  reacted  stoichiometrically with  the 
s Hitchcock, D. I., J. Gen. Physiol., 1923-24, vi, 95. 486  COMBINATION  OF  SALTS  AND  PROTEINS.  III 
nitrogen groups since removing 0.40 millimols of nitrogen per gin. of 
gelatin decreased the hydrogen equivalent by the same amount. 
The experiments were therefore repeated with deaminized gelatin 
with the results shown in Table II.  The combining equivalent is now 
about  0.4  to  0.5  miUimols  copper per  gin.  of gelatin  which  agrees 
again with the figure for hydrogen. 
In both of the above experiments it is difficult to prove conclusively 
that the figure obtained is really a maximum value since the experi- 
TABLE  IV. 
AlCl3.  5 Per Cent Gelatin. 
Gravimetric Cl Analysis.  37°C. 
P.D. 
mU. 
25.0 
18.0 
11.40 
4.90 
1.46 
1.80 
.60 
.72 
.50 
.24 
.08 
Concentration of AI  +++ 
Millimols  per 1000 gin. H~O 
Outs~e  Inside 
1.41  4.30 
3.90  8.75 
8.60  16.0 
30.4  41.0 
107.0"  120.0 
74.3*  86.7 
238.0  250.0 
276.0  287.0 
484.0  495.0 
445.7  457.3 
993.0  1006.0 
MiUimols 
combined  per gin. 
gelatin 
0.08 
.16 
.27 
.47 
.57 
.52 
.51 
.62 
.67 
.44 
.45 
Millirnols  C1 
combined per gin. 
gelatin 
0.037 
.065 
.16 
.24 
.40 
.40 
.34 
.16 
.10 
.40 
.60 
*Gravimetric  A.I +++ analysis. 
ments cannot be carried into higher salt concentration owing to the 
experimental errors.  If the  copper really combines with the same 
groups as does hydrogen, however, it should be possible to show that 
the sum of the two ions combined is constant, provided one or the other 
is present in excess.  That is, adding copper to gelatin in the presence 
of excess acid should result in the displacement of hydrogen ion by 
copper, while adding acid to gelatin in the presence of excess copper 
should result in the liberation of copper ions, the sum of the amount 
of ions combined should however remain constant and equal to 0.9 
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III show that this prediction is carried out and confirm the conclusion 
that the copper and hydrogen combine with the same groups in the 
protein molecule.  The experiments also show that there is an equilib- 
rium between the combined Cu  ++ and H+. 
Chloride.--The combined chloride ion in all the experiments is less 
than the copper and approaches a  value of about 0.3 millimols per 
gin. gelatin in the higher concentrations.  The figure with deamin- 
ized gelatin is the same as that with gelatin.  The chloride therefore 
combines independently of the copper.  Since there is more copper 
TABLE  V. 
LaCla. 
Isodeciric Gelalin.  y/o¢. 
Concentration 
of gelatin 
per c¢~ 
10.0 
10.0 
1.8 
1.8 
.84 
10.0 
1.8 
.85 
10.0 
10.0 
P.D. 
mlf. 
21.6 
17.85 
1.9 
1.10 
.41 
6.84 
.48 
.20 
3.86 
.60 
Concentration of La  +++ 
Mnlimoh per 1000 Sin. I~o 
Ou~ide  Ins~e 
1.2  4.2 
3.55  8.83 
10.2  12.1 
36.2  39.0 
36.3  37.5 
25.4  38.7 
111.0  115.7 
110.8  112.3 
70.1  89.5 
354.0  381.7 
Minlmoh  [ 
combined per[ 
gin. geintm I 
0.04 
.087 
.21 
.5f 
.47, 
.,~ 
.49 
Av~age 
0.34 
.50 
Mmimola CI 
combined ]per 
gin. gelatin 
0.039 
.056 
.23 
.20 
.17 
.37 
.24 
.59 
than  chloride  ion  combined  the  resulting  protein  copper  complex 
should have a positive charge.  This was found to be the case, since 
gelatin in 0.1  u  copper chloride migrated to the negative electrode 
when tested by the U-tube method using non-polarizable electrodes. 
Aluminum and Lanthanum.--Loeb  7 found that La  +++ and A1  +++ 
made protein particles positive and suggested that this was due to 
the formation of a complex ion of the protein and the metal ion.  The 
experiments in  Tables  IV  and  V  show  that  both  lanthanum  and 
Loeb, J'., Proteins  and  the theory of colloidal behavior,  McGraw-Hill, New 
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aluminum do  combine with  gelatin  to  a  considerable extent.  The 
combining equivalent appears to be approaching a value of 0.5 to 0.6 
millimols per gin. gelatin but in this case again it is difficult to prove 
that this is really a maximum value.  There seems no doubt, however, 
that the figure is smaller than that for copper.  If the aluminum and 
lanthanum combined with the other nitrogen groups but not with the 
NH, which are removed with nitrous acid, the combining equivalent 
would be about 0.5 millimols per gin. and this is the value found.  In 
confirmation of this assumption it was found that the figure for La 
combined with deaminized gelatin  (Table VI)  was not significantly 
different from that for gelatin. 
TABLE  VI. 
Deaminized Gelatin.  37°C. 
Concentration of 
gelatin 
~sf ceng 
1.8 
1.8 
1.8 
P.D. 
.67 
.32 
.14 
Concentration of La  +++ 
Minimols per 1000 gm. H20 
Outside  [  Inside 
19.91  21.1 
19.95  21.3 
100.2  102.0 
99.5  101.3 
302.0  306.7 
295.3  298.7 
Mfllimols 
combined per 
gin. gelatin 
.15 
.16 
.30 
.31 
.54 
.45 
Millimols CI 
combined per 
gin. gelatin 
.12 
.14 
.44 
.22 
The  chloride combined was  nearly the  same  as  that  found with 
copper showing again that the two ions combine independently. 
CaCl~.--The results  with  CaC12 are  given  in  Table  VII.  The 
combined calcium approaches the value of 0.9 millimols per gin. of 
gelatin as in the case of copper but the maximum is not reached until 
a  much higher  concentration of  salt.  The  value  with  deaminized 
gelatin at pH 5.0 is the same as for gelatin.  Apparently the Ca ++ 
therefore does not combine with the NH2 groups but with the carboxyl 
groups.  The carboxyl group equivalent of gelatin is  also about 0.9 
milllmols per liter. JOHN It.  NORTH-ROP AND  M.  KUNITZ  489 
Magnesium  Chloride.--Table  VIII gives  the  results of the  experi- 
ments with MgC12.  The combined magnesium approaches 0.4  -  0.5 
millirnols per  gin.  as in the case of AI  and  La.  This  low  figure  is 
probably due  to  the  fact  that  the  solutions  are  slightly  acid.  The 
combination with deaminized gelatin is about the same or higher,  at 
TABLE VII. 
CaCI2. 
1.6 Per Cent Gelatin.  pH 5.0. 
P.D. 
0.20 
.10 
.10 
.36 
(7.3 per cent gelatin) 
Concentration of Ca  ++ 
MiEimols per 1000 gin. H20 
Outside 
296.0 
294.0 
496.0 
492.0 
751.0 
738.0 
982.0 
986.0 
882.0 
916.0 
Inside 
300.8 
297.2 
506.0 
496.0 
758.0 
744.0 
993.0 
996.0 
914.0 
954.0 
Ca  ++ 
Milllmols combined per 
gin. gelatin 
0.58 
.49 
.78 
.47 
.70 
.63 
1.2 
1.1 
.77 
.83 
Deaminized Gelatin pit 5.0 + Ca(011)2. 
.09 
.15 
(4.4 per cent gelatin) 
948.0  957.0 
962.0  968.0 
1008.0  1034.0 
1008.0  1035.0 
1.00 
.87 
.90 
.89 
pH 5.0.  CaC12 also gave low results when the solution was not kept 
at pH 5.0 by the addition of alkali.  In the case of MgC1, this cannot 
be done owing to the insolubility of Mg(OH),. 
KCI,  NaCl,  LiCl.--In  all  the  former  experiments  the  membrane 
potential has  been positive  showing  that  the  non-diffusible ion was 
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negative and it is found that the amount of K  combined is within the 
error of the method.  In fact the value comes out very slightly nega- 
tive.  The combined C1 is also less than in the other  experiments but 
is still enough to be significant.  The experimental results are shown 
in Table IX.  There is therefore a  qualitative difference between KC1 
TABLE VIII. 
MgC12. 
10 Per Cent Gelatin.  37°C. 
P.D. 
1:51 
.94 
.20 
.30 
.40 
.30 
.23 
Concentration  of Mg  ++ 
Milllmols  per 1000 gin. H20 
Outside  Inside 
15.0  18.0 
62.0  68.1 
569.0  582.0 
1027.0  1042.0 
1140.0  1151.0 
964.5  982.5 
2107.0  2131.0 
MilUmols 
combined per gin. 
gelatin 
0.04 
.10 
.21 
.36 
.47 
.39 
.60 
Concentration of CI- 
Minimols 
combined  per gin. 
gelatin 
0.04 
.07 
.14 
.07 
.15 
.12 
Deaminized Gelatin.  1.7 Per Cent.  pH 4.1. 
.11 
.16 
303.0 
303.0 
501.5 
500.0 
303.8 
303.8 
502.5 
501.0 
.18 
.18 
.38 
.35 
-.1 
--.2 
Deaminized Gelatin at pH 4.7 (+ NaOtt). 
.04 
.16 
298.2 
292.8 
492.0 
494.0 
306.0 
300.2 
502.0 
504.5 
.49 
.46 
.89 
.94 
and  the di- and trivalent ions studied,  in that KC1 forms a  negative 
complex ion while  the  other  salts  form  a  positive  complex ion.  In 
any  system  therefore  which  requires  a  very  small  or  no  potential 
there would be a  sharp antagonism between the effect of Na,  K  and 
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AgNO3.--The  results for AgN03 are given in Table X.  As would 
be expected, Ag+ is combined more than the other monovalent ions. 
The nitrate ion was not combined. 
Na2SO,.--No  combination of either ion was found and no potential 
was obtained. 
TABLE  IX. 
KCl. 
10 Per Cent GelaEn.  37°C. 
P.D. 
my. 
--0.18 
--  .05 
Concentration of K 
MiUimols per 1000 gm. H:O 
Outside  Inside 
98.0  96.8 
98.3  98.8 
499.4  497.8 
497.8  496.8 
Millimols 
combined per gin. 
gelatm 
--0.02 
--  .02 
--  .02 
--  .01 
CI 
Millimols 
combined per gin. 
gelatin 
0.1 
.1 
.O5 
TABLE  X. 
AgN03. 
5 Per Cent Gelation.  37°C. 
A~ 
P.D. 
my, 
3.12 
Millimoh per 1000 gin. HtO 
Outs~e  Inside 
17.4  20.9 
Millimols 
combined per gin. 
gelatin 
NOa- 
Millimols 
eomb/nedper gm. 
gelatin 
0.10  0.02 
TABLE  XI. 
Na2S04.  1.8 Per Cent Gelatin. 
pH  P.D. 
Concentration  of SO6  m 
Millimols per 1000 gin. H20 
Outside  Inside 
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Effect of the Hydrogen Ion Concentration.--The  foregoing experi- 
ments were all done as nearly as possible at pH 4.7, with the exception 
of those in which acid was added to the copper.  It was found in that 
case that the copper was displaced by the addition of acid.  In the 
case of copper it is not possible to work on the alkaline side so that 
it seemed of interest to complete the experiment with another ion. 
The results of a  series of experiments with 0.1  ~  CaC12 at various 
pH values are given in Table XII.  As in the case of copper the addi- 
tion of acid quickly replaces the calcium so that on the acid side of 
TABLE  XlI. 
HCl.  CaCI2. 
1.8 Per Cent Gelatin. 
pH 
2.5 
3.4 
3.8 
4.1 
4.7 
5.4 
7.0 
8.6 
10.0 
¥.D. 
f/~tL 
0.50 
.3 
.3 
.5 
.4 
.10 
.2 
.12 
.24 
Concentration of Ca  ++ 
Millimols per 1000 gin. H~O 
Outside  Inside 
100.0  96.2 
101.5  99.0 
98.6  98.2 
100.0  99.5 
98.0  100.0 
96.5  98.5 
100.6  103.8 
98.8  102.9 
99.4  105.0 
99.7  104.4 
Ca  ++ 
Millimols 
combined  per gin. 
gelatin 
0.10 
.19 
.29 
.15 
.29 
.26 
.35 
.41 
pH  3  no combined calcium was  found.  The value rises  rapidly as 
the solution becomes less  acid and remains approximately constant 
on the alkaline side of pH 4.7. 
SUMMARY. 
1.  The  combination of  Cu ++,  Ca ++,  Mg  ++,  A1  +++,  La  +++,  K +, 
Ag  +, and C1- with gelatin has been determined. 
2.  The equivalent combining value for copper is about 0.9 millimols 
per gin. of gelatin and is therefore the same as that of hydrogen.  The 
value for copper with deaminized gelatin is about 0.4 to 0.5, again the JOHN  H. NORTHROP  AND  M.  KUNITZ  493 
same  as  that  of hydrogen.  The  sum of the  hydrogen and  copper 
ions combined in the presence of an excess of either is 0.9 miUimols 
showing that  there is  an equilibrium between the copper hydrogen 
and gelatin and that the copper and hydrogen are attached to  the 
same Kroup. 
3.  The equivalent combining value of La  +++ and Al+++ is  about 
0.5  millimols  per  gm.  of  gelatin.  This  value  is  not  significantly 
different with  deaminized gelatin  so  that  it  is  possible  these  salts 
combine only with groups not affected by deaminization. 
4.  No calcium is combined on the acid side of pH 3.  The value 
rises rapidly from pH 3 to 4.7 and then remains constant. 
5.  No combination of K, Li, Na, NO8 or SO, could be detected. 
6.  C1 combines less than the di- and trivalent metals so that the 
protein is positive in CaCl~ but negative in KC1. 